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Cell proliferationo play a crucial role in regulating the differentiation of pigment cells in
homeothermal animals, i.e. the melanocytes and the retinal pigment epithelium (RPE). However, less is
known about the functions of Mitf in the developing RPE. To elucidate such functions, we introduced wild-
type and dominant-negative Mitf expression vectors into chick optic vesicles by electroporation. Over-
expression of wild-type Mitf altered neural retina cells to become RPE-like and repressed the expression of
neural retina markers in vivo. In contrast, dominant-negative Mitf inhibited pigmentation in the RPE. The
percentage of BrdU-positive cells decreased during normal RPE development, which was followed by Mitf
protein expression. The percentage of BrdU-positive cells decreased in the wild-type Mitf-transfected neural
retina, but increased in the dominant-negative Mitf-transfected RPE. p27kip1, one of the cyclin-dependent
kinase inhibitors, begins to be expressed in the proximal region of the RPE at stage 16. Transfection of wild-
type Mitf induced expression of p27kip1, while transfection of dominant-negative Mitf inhibited p27kip1
expression. We found that Mitf was associated with the endogenous p27kip1 5′ ﬂanking region. These results
demonstrate for the ﬁrst time “in vivo” that Mitf uniquely regulates both differentiation and cell proliferation
in the developing RPE.
© 2008 Elsevier Inc. All rights reserved.IntroductionIn vertebrates, the retinal pigment epithelium (RPE) is derived
from the dorsal portion of the optic vesicle that outgrows from the
prosencephalic neuroepithelium. In early developmental stages, many
transcription factors are involved in the differentiation of eye
components including the RPE. In addition, factors secreted from
the surface ectoderm and the extraocular mesenchyme, such as FGF,
BMP and Activin, are also important for regulating their differentiation
(Bharti et al., 2006; Martinez-Morales et al., 2004).
Microphthalmia-associated transcription factor (Mitf) encodes a
basic/helix–loop–helix/leucine zipper motif (bHLH–LZ) transcription
factor and is known to be essential for the normal development of all
melanin-pigment cells in homeothermal animals, including the RPE
and melanocytes, which are derived from the optic vesicle and neural
crest cells, respectively (Tachibana, 2000). The RPE is essential for the
normal lamination of the developing neural retina and the renewal of
photoreceptors in adults. On the other hand, melanocytes migrate intoH. Yamamoto).
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l rights reserved.many organs such as the skin, ear, choroid and so on. Therefore, severe
Mitf-mutant mice exhibit microphthalmia and a white coat color
caused by developmental defects of RPE and melanocyte differentia-
tion. Mitf protein promotes the expression of pigmentation genes:
Tyrosinase, Tyrp1, Dct, MMP115, etc. (Tachibana, 2000) in those two
pigment cell types. EctopicMitf expression in avian neural retina cells
has been reported to induce pigmentation by promoting the
expression of two markers of differentiated pigment cells, Tyrosinase
and MMP115 (Mochii et al., 1998; Planque et al., 1999).
Mitf and genes encoding other transcription factors, such as Otx2,
Pax6, Pax2 and Chx10, that are involved in eye development affect
each other in their expression and functions. Among them, Pax6, a
critical transcription factor of the paired domain class required for
normal eye development (Hever et al., 2006), promotes Mitf
expression by binding its promoter directly (Baumer et al., 2003). In
fact, in Pax6−/−, Pax2−/− mice, Mitf expression disappears (Baumer et
al., 2003). In contrast, Mitf inhibits the up-regulation of Pax6
expression that occurs in bFGF-treated RPE cells (Mochii et al.,
1998), and siRNAs inhibitingMitf induce Pax6 expression in the RPE in
vitro (Iwakiri et al., 2005). Chx10, a paired-like homeodomain
transcription factor, is an early neural retina speciﬁc transcription
factor. In Chx10-mutant mice, Mitf is expressed in the neural retina
(Rowan et al., 2004). Over-expression of Chx10 in the RPE represses
Mitf expression and inhibits RPE differentiation in vivo (Rowan et al.,
336 N. Tsukiji et al. / Developmental Biology 326 (2009) 335–3462004). Thus, these transcription factors form a complicated network
required for normal eye development.
It has been previously reported that the RPE of several indepen-
dent types of Mitf-mutant mice remains unpigmented, differentiates
partially into multilayered neural retina-like cells (Bumsted and
Barnstable, 2000; Nguyen and Arnheiter, 2000) and loses apical
microvilli (Bumsted et al., 2001). During the process of retinal
regeneration, Mitf expression is reduced and the expression of neural
retina markers is increased (Arresta et al., 2005). Taken together, these
studies suggest that Mitf is involved not only in the induction of
pigmentation but also in regulating cell proliferation and the structure
of the cytoskeleton. In melanoma, the functions of Mitf have beenwell
studied and many of its transcriptional target genes have been
identiﬁed, such as c-kit (Tsujimura et al., 1996), Tbx2 (Carreira et al.,
2000), p16Ink4a (Loercher et al., 2005) and p21Cip1 (Carreira et al.,
2005). However, intriguingly, little is known about the function ofMitf
during RPE development and it is possible that the target genes of Mitf
are different between the RPE and melanoma because their
characteristics and functions are distinct from each other.
In this study, to analyze the functions of Mitf in RPE development,
we employed transfection of wild-type Mitf and dominant negative
Mitf expression vectors. Here we provide evidence that Mitf functions
not only during differentiation but also regulates cell proliferation
during normal RPE development which suggests that the regulation of
cell proliferation in the RPE and in other types of pigment cells might
be different.
Materials and methods
Chick embryos
White Leghorn chicken eggs were incubated at 38 °C until they
reached the required stages. Developmental stages of embryos were
assigned according to Hamburger and Hamilton (1951).
Antibodies and Immunohistochemistry
A polyclonal antibody against Mitf (1:300, generated in our
laboratory) and monoclonal antibodies against GFP (1:500, Molecular
Probes), Pax6 (1:500, Developmental Studies Hybridoma Bank), BrdU
(1:500, Developmental Studies Hybridoma Bank) and p27kip1 (1:500,
BD Transduction Laboratories) were used as primary antibodies.
Embryos were ﬁxed with 4% paraformaldehyde in PBT (0.1% Tween20
in PBS) for 4 h at 4 °C. After washing in PBT, the tissues were
equilibrated in 30% sucrose in PBS, embedded in OCT compound and
sectioned using a cryostat (Leica CM3050) at 8 μm. Sections were
washed in TBST (0.1% Tween20 in TBS), incubated for 30min in 2N HCl
and washed in TBST for BrdU immunostaining, then blocked with 0.5%
skim milk in TBST for 30 min. Each specimen was incubated with one
or two of the primary antibodies diluted with 3% BSA in PBS for 2 h at
room temperature or overnight at 4 °C. Alexa 488 and 594 (1:500,
Invitrogen) were used as secondary antibodies.
In situ hybridization
In situ hybridizationwas performed as previously described (Yonei et
al., 1995; Yoshida et al., 1996) with the followingmodiﬁcations. Eight μm
cryosections were digestedwith 1 μg/ml Proteinase K in PBT for 7min at
37 °C and then were ﬁxed with 4% paraformaldehyde in PBT at room
temperature for 20 min. Hybridization was performed in a solution
containing 50% formamide, 6× SSC, 50 μg/ml heparin, 100 μg/ml Escher-
ichia coli tRNA,1% SDS and digoxigenin-labeled RNA probes overnight at
70 °C. cDNA fragments for RNA probes,Dct, Chx10, Pax6 and p27kip1were
ampliﬁed by RT-PCR. Primers used were: 5′-AGGCTGCACGTAG-
CAATGGGT-3′ and 5′-AGAGCTGGTCTGTGCACACATCA-3′ for Dct; 5′-
GAGAAGTCCAGTGCATCACAGAAAG-3′ and 5′-TACACAGCGTGGGCTA-TAATCTAAC-3′ for Chx10; 5′-CCCGCTGCCCCGGCCCACCATGC-3′ and 5′-
GGATCGGCTGGTAAACGCTTGT-3′ for Pax6; and 5′-ATGTCAAACGTCCG-
CATTTCTAA-3′ and 5′-TTACGTTTGATGTCGTCTCGGGCT-3′ for p27kip1.
RNA probes were synthesized from linearized plasmids using digox-
igenin-labeled dUTP (Roche).
Expression vectors and in ovo electroporation
Full length chick Mitf (wtMitf) cDNA was obtained from E9 chick
eyes (Mochii et al., 1998) and was inserted in pMiwIII, a derivative of
pMiwZ. The sequence is identical to the cds of NM_205029. Dominant
negative Mitf (dnMitf) was generated by converting the amino acid
sequence LIER to LIAR in the basic region according to the method
described previously (Krylov et al., 1997; Kumasaka et al., 2005). In ovo
electroporation was performed as described previously (Okafuji et al.,
1999). At stage 11–12 (13–16 somite stage), the plasmid solution
(2 μg/μl in PBS) was injected into the left optic vesicle. Electrodes were
placed in the left optic vesicle and outside of the vesicle, and 2×7 V,
30 ms rectangular pulses were charged by an electroporator CUY-21
(Tokiwa Science). In the case of dnMitf transfection, pCAGGS-EGFP
was co-expressed to monitor the performance of electroporation, and
the plasmid solution contained 2 μg/μl pMiwIII-dnMitf and 0.5 μg/μl
pCAGGS-EGFP. Concerning about the concentration of wtMitf or
dnMitf expression vectors, different dosages (ﬁnal 0.5 μg/μl, 2.0 μg/μl
and 3.0 μg/μl) of these expression vectors for in ovo electroporation.
The phenotypes induced by either 2.0 μg/μl or 3.0 μg/μl were not
distinguishable and those induced by 0.5 μg/μl showed slightly weaker
effects. Therefore, we decided to use 2.0 μg/μl DNA solution in our
experiments.
BrdU incorporation
Normal and electroporated embryos were incubated at 38 °C. Fifty
mg/ml BrdU (Sigma) in PBS was dropped on the embryos and they
were reincubated for 30 min at 38 °C. The embryos were then ﬁxed
with 4% paraformaldehyde in PBT for 2 h at 4 °C. Immunostaining of
BrdU was performed as described above.
BrdU-positive cell counting
Calculations of the percentages of BrdU-positive cells in the RPE
and neural retina of normal, wtMitf-transfected and dnMitf-trans-
fected embryos were performed using criteria as described below: for
normal RPE (or for neural retina) at stage 12, the number of BrdU-
positive nuclei/the number of total nuclei in the region of the optic
vesicle, where Otx2 expression was detected (or not detected for the
neural retina) in adjacent sections by in situ hybridization (note that at
this developmental stage, Otx2 is usually expressed in the RPE but not
in the neural retina; images of Otx2 in situ hybridization are not
shown); for the normal RPE (or for the neural retina) at stage 14–22,
the number of BrdU-positive nuclei/the total number of Mitf-positive
(or -negative for the neural retina) nuclei in the optic cup; for wtMitf-
or dnMitf-transfected neural retina, the number of BrdU-positive
nuclei/the number of wtMitf or dnMitf-positive nuclei; for wtMitf- or
dnMitf-transfected RPE, the number of BrdU-positive nuclei/the total
number of the nuclei of co-expressed GFP-positive cells. Sections from
three or more independent embryos were used. One-way ANOVAwas
applied to determine statistical signiﬁcance.
Chromatin immunoprecipitation (ChIP) assays
RPE cells were isolated from two whole eyes of E 4.5 chick embryos
andwere suspended by pipetting in 900 μl PBS. These cellswereﬁxedby
adding 100 μl 10% paraformaldehyde in PBS and incubation at 37 °C for
15 min. ChIP assays were performed using a chromatin immunopreci-
pitation assay kit (Upstate Biotechnology) following the protocol
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byanMitf antibodyandwere ampliﬁedby PCR. Primer pairs used for the
p27kip15′ ﬂanking region are: primer1, 5′-AGCAGGCCTGTAGCTCCATA-3′
and 5′-CCTTCTTTTTGCTTTGTGGC-3′; primer2, 5′-TCAGATGGAAGGG-
TACTGGC-3′ and 5′-AGACACAGGATGCCCATTTC-3′. PCR products were
resolved on 2.0% agarose gels.
Results
Expression of Mitf protein and Dct mRNA
Mitf protein was not expressed in the dorsal portion of the optic
vesicle at stage 12 (Fig. 1A). At stage 14, Mitf protein could be detected
in the outer layer of the optic cup (Fig. 1B). Mitf protein was
continuously expressed in the RPE at stages 16 and 22 (Figs. 1C and
D). That Mitf expression pattern is consistent with a previous report
(Mochii et al., 1998). Expression of Dct, one of the target genes of Mitf,Fig. 1.Mitf and Dct expression in the developing eye. (A) At stage 12, Mitf protein is not
detected in the dorsal portion of the optic vesicle (the presumptive RPE). (B–D) At stages
14, 16 and 22, Mitf protein is detected throughout the RPE. (E) At stage 16, Dct mRNA is
detected in the RPE. (F) At stage 22, Dct mRNA is detected in the RPE. Dct expression in
the distal RPE is weaker than its expression in the proximal RPE. ov, optic vesicle; rpe,
retinal pigment epithelium; nr, neural retina; le, lens. Scale bars=100 μm.was detected in the RPE at stages 16 and 22 (Figs. 1E and F). In
addition, at stage 22, Dct expression was strong in the proximal RPE
and weak in the distal RPE (Fig. 1F).
Mitf induces pigmentation in the neural retina in vivo and affects the size
of the eye
It is well known that Mitf is essential for the development of
pigment cells, i.e. the RPE andmelanocytes, according tomany studies
of Mitf-mutant mice. Over-expression of Mitf can induce the expres-
sion of pigmentation genes (Tyrosinase and Tyrp1) in NIH/3T3
ﬁbroblasts although pigmentation was not observed (Tachibana et
al., 1996) andMitf can also induce pigmentation in the neural retina in
vitro (Mochii et al., 1998; Planque et al., 1999). However, concerning
the role of Mitf in RPE development, less is known about themolecular
functions of this transcription factor other than its activation of the
expression of pigmentation genes during RPE development. There are
limitations to address this issue solely by analyzingMitf-mutant mice,
so we took the approach to transfect expression vectors encoding
wild-typeMitf (wtMitf) or a dominant negativeMitf (dnMitf) into chick
optic vesicles using electroporation and then to analyze the resultant
phenotypes and gene expression patterns.
In normal eye development at stage 22, the RPE is a pigmented-
monolayer (Fig. 2B and B'). In contrast, the neural retina is not
pigmented and is multilayered. These normal phenotypes were not
altered by the transfection of an empty vector or a GFP expression
vector (data not shown). In the wtMitf-transfected eye 48 h after
electroporation, a reduction in eye-size with hyperpigmentation was
observed (compare Figs. 2A, C and C'). This phenotypewas observed in
72% of transfected embryos (13/18). In sections of the wtMitf-
transfected eyes, ectopic pigmentation was observed in the neural
retina (Figs. 2E and F). Immunostaining for Mitf protein (Fig. 2D) and
in situ hybridization of Dct mRNA (Figs. 2G and H) revealed that Mitf
induced ectopic Dct expression and pigmentation in the neural retina
in vivo. In addition, Dct induction by wtMitf was also observed in the
brain region (arrows in Fig. 2G). In some wtMitf-transfected eyes,
structural abnormalities (folding and/or desorption) of the neural
retinawere observed (Figs. 2D–H). In the folding neural retina, nuclear
density was decreased (data not shown). In contrast, the dnMitf-
transfected eyes showed partial hypopigmentation of the RPE and the
area overlapped with co-expressed GFP ﬂuorescence (Figs. 2J and K).
Intriguingly, a reduction in eye-size was also observed in dnMitf-
transfected eyes (Figs. 2I and J). In those sections of the dnMitf-
transfected eyes, hypopigmentation in the RPE was observed (Figs. 2L,
M and P). In the dorsal portion of this specimen, partial thickeningwas
also found (Fig. 2P). Hypopigmentation and microphthalmia were
detected in 82% of dnMitf-transfected embryos (9/11). Thickening of
the RPE was noticed in only 2 of the 9 hypopigmented-microphthal-
mia embryos. To conﬁrm whether these phenomena were really
caused by dnMitf, we performed immunostaining of dnMitf with an
antibody against Mitf in the dnMitf-transfected embryos and com-
pared the expression patterns of dnMitf and GFP. In the RPE and neural
retina of dnMitf-transfected embryos, dnMitf protein was successfully
detected with the Mitf antibody (Figs. 2N and Q, note that the highly
intensiﬁed signals in the RPE stood out among the signals caused by
the intrinsic Mitf protein). The expression of dnMitf overlapped with
the co-injected GFP ﬂuorescence (Figs. 2N, O, Q and R), where
hypopigmentation and/or thickening was observed (Figs. 2M and P,
respectively). Therefore, it is highly probable that dnMitf protein is
functional and that those cells showing GFP signals also have extrinsic
dnMitf.
Mitf represses the expression of neural retina markers
Our results show clearly that Mitf can induce Dct expression and
pigmentation in the neural retina in vivo (Fig. 2). To determine the cell
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observed (Figs. 2E–H), we performed in situ hybridization in order to
detect two early neural retina markers, Pax6 and Chx10. In the normal
eye at stage 22, Mitf and Dct expression was speciﬁcally detected in
the RPE (Figs. 3A and B), while Chx10 expression was localized in the
neural retina (Fig. 3C). On the other hand, Pax6 expression wasdetected not only in the neural retina but also in the lens and the
dorsal RPE (Fig. 3D). In the wtMitf-transfected eye, ectopic Dct
expression was observed in the wtMitf-expressing area (Figs. 3E and
I, F and J). In adjacent sections, Chx10 (Figs. 3G and K) and Pax6 (Figs.
3H and L) expression was repressed in Dct-expressing areas. Taken
together, these results suggest that Mitf not only promotes RPE
Fig. 3.Mitf represses the expression of neural retinamarkers in vivo. (A–D) In the normal eye at stage 22, Mitf protein and DctmRNA expression is detected in the RPE (A and B), Chx10
mRNA expression is detected in the neural retina (C), and Pax6 mRNA expression is detected not only in the neural retina but also in the lens, surface ectoderm and dorsal RPE
(D). (E–L) wtMitf-transfected embryos. Panels I–L show magniﬁcations of the framed areas in panels E–H, respectively. Adjacent sections of a wtMitf-transfected eye show that
Mitf (E and I) induces Dct expression (F and J) and represses expression of Chx10 (G and K) and Pax6 (H and L). Arrowheads in panels I–L indicate areas where the effect of Mitf is
observed (i.e. in each phenotype such as pigmentation, Dct induction and neural retina marker repression). Embryos were harvested 48 h after transfection. rpe, retinal pigment
epithelium; nr, neural retina; le, lens. Scale bars=100 μm.
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during normal eye development. In Mitf mutant mice, it has been
reported that the dorsal RPE becomes thick, retains a high level of
Pax6 expression and expresses Chx10 (Nguyen and Arnheiter, 2000).
On the other hand, in dnMitf-transfected chick embryos, high-level
expression of Pax6 or of ectopic Chx10 was not observed in the GFP-
co-expressed RPE (data not shown).Fig. 2.Mitf provides characteristics of pigment cells to the neural retina in vivo. (A and I) Th
A section of a control eye in bright ﬁeld. (B') Magniﬁcation of the framed area in panel B.
48 h after electroporation, over-expression of wtMitf in the neural retina induces ectopic pi
framed area in panel C. Arrowheads indicate the ectopic pigmentation. (D) Expression of
protein. Arrowheads indicate forced Mitf expression in the neural retina. Arrows indicate fo
ectopic pigmentation (E and F) and Dct mRNA expression (G and H) in the Mitf-expressin
panels E and G, respectively. In addition, an abnormal laminar structure of the neural retin
and co-expressed GFP expression overlaps with the depigmented area (arrowheads in J and
expression (arrows in J and K). (L) A section of a dnMitf-transfected embryo. (M and P) M
depigmented area in the RPE. The area between the black lines in panel P indicates the par
Mitf (dnMitf and endogenous Mitf) in panels M and P, respectively. White arrowheads
expression in the RPE. White arrows indicate forced dnMitf expression in the neural retina
ﬂuorescence (green) in panels M and P, respectively. According to subpanels N, O, Q and R,
expression in the RPE in subpanels N and Q represent the forced dnMitf expression and the
retina; le, lens. Scale bars=100 μm.Expression of Mitf protein and cell proliferation in the RPE
In Mitf null mutants, parts of the developing dorsal RPE
transdifferentiates to neural retina-like cells, which are multilayered,
and their cell number increases. It has been reported recently that Mitf
controls the cell cycle in melanoma cells by directly regulating the
expression of some cyclin-dependent kinase inhibitors, such ase control right eye (the untreated eye) shows weak pigmentation in the whole RPE. (B)
Nuclei are stained by DAPI (blue). The arrowhead shows pigmentation in the RPE. (C)
gmentation and reduces the size of the eye (compare with A). (C') Magniﬁcation of the
transfected wtMitf (green) is shown in the neural retina by immunostaining for Mitf
rced Mitf expression in the brain. An adjacent section of panel D in bright ﬁeld shows
g area of the neural retina. Panels F and H are magniﬁcations of the framed areas in
a is observed. (J and K) Over-expression of dnMitf represses pigmentation in the RPE
K). The pigmented dorsal portion of the RPE does not overlap with co-expressed GFP
agniﬁcations of the framed areas in panel L. The black arrowhead in M indicates the
t of the RPE which is thicker than the neighboring RPE. (N and Q) Immunostaining of
indicate strong expression of Mitf in the RPE. Black arrowheads indicate weak Mitf
. (O and R) Merged images of Mitf immunostaining (magenta) and co-expressed GFP
it is suggested that the strong (white arrowheads) and weak (black arrowheads) Mitf
endogenous Mitf expression, respectively. rpe, retinal pigment epithelium; nr, neural
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cell proliferation in the developing RPE, we initially made a spatio-
temporal analysis of cell proliferation in the developing eye using a
BrdU incorporation assay and compared that with the expression
pattern of Mitf protein. At stage 12 (when Mitf is not expressed), 53%
of presumptive RPE cells (the dorsal portion of the optic vesicle) were
BrdU-positive (Figs. 4A and G). There was no signiﬁcant difference in
the percentage of BrdU-positive cells between the presumptive RPE
and the presumptive neural retina (the ventral portion of the optic
vesicle). At stage 14 (whenMitf is expressed), no signiﬁcant difference
in the percentage of BrdU-positive cells between the RPE and the
neural retina could be detected (Figs. 4B and G). At stage 16, a slight
decrease of the percentage of BrdU-positive cells in the RPE was
observed (Figs. 4C and G). Note that the difference in the percentage of
BrdU-positive cells in the RPE between stages 12 and 16 was not
signiﬁcant (PN0.1) but it was signiﬁcant when compared to stages 14
and 16 (Pb0.05). At stage 18, the percentage of BrdU-positive cells in
the RPE decreased to 32% (Figs. 4D and G). This decrease continued to
stage 22 (stage 20, 28%, Fig. 4E; stage 22, 15%, Fig. 4F), which was the
latest stage that we analyzed. In addition, we found that there are
fewer BrdU-positive cells in the proximal RPE than in the distal RPE at
stage 20 (Fig. 4E). The higher percentage of BrdU-positive cells in the
neural retina was maintained in these stages (Fig. 4G). We also
performed immunostaining of active caspase3 and phosphorylated-
Histone H3 to detect apoptosis and cell division, respectively. Few
apoptotic cells in the RPE and neural retina at each stage wereFig. 4. The percentage of BrdU-positive cells decreases in the developing RPE. (A–F) Normal e
pulse labeling with BrdU and then immunostaining for BrdU (red) and DAPI staining (blue
(presumptive) RPE. (G) Evaluation of the percentage of BrdU-positive cells in the RPE and n
maintained at a higher level from stages 12 to 22 at approximately 50%. In the RPE, at stages
cells in the RPE and the neural retina. The signiﬁcant decrease in the percentage of BrdU-pos
and 22, the number of BrdU-positive cells in the proximal RPE is smaller than in the distal RP
rpe, retinal pigment epithelium; nr, neural retina; le, lens. Scale bars=100 μm.detected. The results of phosphorylated-Histone H3 immunostaining
showed a similar tendency to that of BrdU incorporation analysis (data
not shown).
Mitf controls cell proliferation negatively
Our results show that in the optic vesicle at stage12, the percentage
of BrdU-positive cells in the presumptive RPE is not signiﬁcantly
different from that in the presumptive neural retina, however, a
signiﬁcant decrease in the percentage of BrdU-positive cells in the RPE
was observed from stage 18. Furthermore, the percentage of BrdU-
positive cells in the RPE continued to decrease until stage 22, while the
percentage of BrdU-positive cells in the neural retina of each stage
(stage 12, 16, 18, 20 and 22) was not changed. It is possible that Mitf
regulates cell proliferation negatively during RPE development
because the timing of the reduction in the percentage of BrdU-
positive cells in the RPE follows the beginning of Mitf protein
expression.
To elucidate the effect of Mitf on cell proliferation, we examined
BrdU incorporation in eyes having extrinsic wtMitf or dnMitf. In the
wtMitf-transfected cells of the neural retina, few cells were BrdU-
positive (Figs. 5A–C) and the percentage was greatly decreased (to
23%) compared with the normal neural retina (46%) (Fig. 5J). In the
same specimen, it is obvious that the percentage of BrdU-positive cells
in the wtMitf-transfected area was much smaller than in the adjacent
area where Mitf was hardly expressed. In the dnMitf-transfected eyes,mbryos at stages 12 (A), 14 (B), 16 (C), 18 (D), 20 (E) and 22 (F) were subjected to 30 min
) was performed after cryo-sectioning. The areas between the white lines indicate the
eural retina at each stage. In the neural retina, the percentage of BrdU-positive cells is
12 and 14, there are no signiﬁcant differences between the percentages of BrdU-positive
itive cells in the RPE begins from stage 18 and continues at least to stage 22. At stages 20
E. The histogram presents means±SD. ⁎PN0.1; ⁎⁎Pb0.05; ⁎⁎⁎Pb0.001. ov, optic vesicle;
Fig. 5.Mitf decreases cell proliferation during the eye development. (A–I) Embryos harvested 48 h after transfection with wtMitf (A–C), dnMitf (D–F) or GFP (G–I) were subjected to
30 min pulse labeling with BrdU and immunostaining for BrdU (red), Mitf (A, green) or GFP (D and G, green) and DAPI staining (blue) of adjacent sections was performed. Panels C, F
and I show magniﬁcations of the framed areas in panels B, E and H, respectively. The area between the white lines in C indicates the wtMitf-transfected area in the neural retina. (J)
Evaluation of the percentage of BrdU-positive cells in the electroporated areas. The percentage of BrdU-positive cells in the wtMitf-transfected area (arrowheads in A and B), is
signiﬁcantly smaller than the adjacent non-Mitf expressing area or GFP-only-expressing neural retina (B, C and H, I). The percentage of BrdU-positive cells in the dnMitf-transfected
RPE is much higher than in normal- or GFP-only-expressing RPE (E, F and H, I). Comparison of panels G–I with Fig. 4G reveals that GFP expression does not affect cell proliferation of
the RPE or the neural retina. The histogram presents means±SD. ⁎Pb0.001. rpe, retinal pigment epithelium; nr, neural retina; le, lens. Scale bars=100 μm.
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proximal RPE at the corresponding stage in normal eye development,
few BrdU-positive cells were observed (Fig. 4E). In the dnMitf-
transfected eyes, many GFP-positive proximal RPE cells were BrdU-
positive (Figs. 5E and F) and the percentagewas signiﬁcantly increased
to 36% (Fig. 5J). In the GFP-transfected control eyes, the percentage of
BrdU-positive cells was not altered either in the RPE or in the neural
retina (Figs. 5G–I and J). In addition, there were no signiﬁcant changes
in the percentage of BrdU-positive cells between wtMitf-expressing
RPE and control RPE and between dnMitf-expressing neural retina and
control neural retina (Fig. 5J). Taken together, these results suggest
that Mitf regulates cell proliferation negatively during RPE
development.
p27kip1 is expressed in the developing chick RPE and Mitf regulates
its expression
We showed that wtMitf decreases the percentage of BrdU-positive
cells in the neural retina and dnMitf increases the percentage of such
cells in the RPE in vivo. Previous reports for melanoma showed that
Mitf promotes the expression of cyclin-dependent kinase inhibitors,
p16Ink4a (Loercher et al., 2005) and p21Cip1 (Carreira et al., 2005)
directly and p27kip1 protein-degradation indirectly via induction of
Dia1 expression (Carreira et al., 2006) and thus affects cell prolifera-
tion intricately. Of those negative regulators, p27Kip1 is known to be
expressed in the developing rat RPE (Defoe and Levine, 2003) and
p27Kip1 null mice show hyperproliferation and functional defects in
the RPE and dysplasia of the neural retina (Defoe et al., 2007; Yoshida
et al., 2004). To elucidate whether this is also the case in our temporalMitf expression system using chicken embryos, as a ﬁrst step, we
analyzed the expression of p27kip1 protein and mRNA in the
developing chick eye using immunostaining and in situ hybridization.
At stage 14, expression of p27Kip1 protein could not be detected in the
RPE or in the neural retina (data not shown). At stage 16, p27kip1
expression was ﬁrst detected strongly in the lens vesicles and weakly
in a few cells of the RPE which is close to the brain region, while it was
not detected in the neural retina (Figs. 6A and B). In some samples,
p27kip1 expression in the RPE was not detected at stage 16 (data not
shown). At stage 18, p27kip1 expression areas (white brackets in Figs.
6A, D, G and J) were broader than those of stage 16 (Figs. 6D and E). In
the neural retina, p27kip1 expression was detected in the basal side of
the central neural retina. At stage 20, the number of p27kip1-positive
cells in the RPE increased and the expression area became much
broader (Figs. 6G and H). At stage 22, the number of p27Kip1-positive
cells increased further and the expression area was close to the ciliary
marginal zone (Figs. 6J and K). Unlike the dynamic change of p27kip1
expression, Mitf expression was detected throughout the RPE at each
stage (Figs. 6C, F, I and L). We next performed in situ hybridization of
p27kip1 to conﬁrm whether the expression pattern of p27kip1 mRNA is
similar to the protein localization. At stage 16, p27kip1 mRNA was
detected in the most proximal RPE and in the medial part of the lens
(Fig. 6M). At stage 22 (Fig. 6N), p27kip1 expression was strong in the
proximal RPE (Fig. 6O), moderate in the dorsal RPE (Fig. 6N) and weak
or absent in the peripheral RPE (Fig. 6O). p27kip1 mRNA was also
detected in the whole neural retina and in the peripheral lens at stage
22 (Fig. 6N). We found that the expression pattern of p27kip1 mRNA
was very similar to that of p27kip1 protein in the developing RPE. To
investigate the involvement of p27kip1 in proliferation of RPE cells,
Fig. 6. Spatio-temporal expression pattern of p27kip1 protein and mRNA in the developing RPE. (A–L) Immunostaining of p27kip1 and Mitf at stages 16, 18, 20 and 22. The white brackets in panels A, D, G and J indicate areas in the RPE where p27kip1
expressionwas detected. Panels B, E, H and K showmagniﬁcations of the framed areas in panels A, D, G and J, respectively. The areas between thewhite lines in panels B, E, H and K indicates the RPE. Thesemagniﬁcations encompass the distal limit of
p27kip1 expression in the RPE. At stage 16, expression of p27kip1 in the RPE is ﬁrst detected in the most proximal region (A and B). At stage 18, more RPE cells are p27kip1-positive and the expression area becomes broader (D and E). At stage 20, most
proximal RPE cells express p27kip1 and the expression area becomesmuch broader (G andH). At stage 22, p27kip1-positive RPE cells are detected even in the distal RPE (J andK). At each stage,Mitf expression is detected throughout theRPE (C, F, I and L).
(M–P) in situ hybridization of p27kip1mRNA at stages 16 and 22. At stage 16, p27kip1mRNA is detected in themost proximal region of the RPE (black arrow), themedial part of the lens vesicle and the brain (M). At stage 22, p27kip1mRNA-detected area
spreads at least to the dorsal RPE (N). Panels O and P showmagniﬁcations of the framed areas in panel N. p27kip1mRNA expression is strong in the proximal RPE and very weak or absent in the distal RPE. (Q–T) Immunostaining of BrdU and Pax6 in
adjacent sections to panel G. Thewhite brackets in panels Q and T indicate corresponding areas in the RPEwhere p27kip1 expressionwas detected. Panels R and S showmagniﬁcations of the framed areas inpanel Q. In the p27kip1 expressing area in the
RPE, fewBrdU-positive cells are detected (QandR). In thep27kip1-negative area in theRPE,manyBrdU-positive cells are detected (QandS). Pax6expression isweak in theproximalRPEand strong in thedistal RPE (T). rpe, retinal pigment epithelium;nr,
neural retina; le, lens. Scale bars=100 μm.
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performed (Figs. 6G and Q–T). In p27kip1-expressing areas in the RPE
(the proximal RPE) at stage 20, few BrdU-positive cells were detected
(Fig. 6R). In contrast, in p27kip1-negative areas in the RPE (the distal
RPE), many BrdU-positive cells were detected (Fig. 6S). Pax6
expression was weak in the proximal RPE but strong in the distal
RPE (Fig. 6T).
The expression pattern of p27kip1 protein in the developing chick eye
is very similar to that seen in rats. In melanoma, Mitf has been reported
to decrease p27kip1 protein level indirectly, however, we showed that
Mitf protein expression and p27kip1 protein (and mRNA) expression
overlap in the developing chick RPE. These data suggest that the
regulatory system of p27kip1 expression is different in the RPE and in
melanoma. To elucidate the regulatory system of p27kip1 expression
which is unique in the RPE, we transfectedwtMitf and dnMitf expression
vectors and analyzedwhether p27kip1 expression is regulated byMitf. In
thewtMitf-transfected neural retina, most Mitf-positive cells expressed
p27kip1 protein (Figs. 7A–D). In addition, in the distal RPE (p27Kip1
protein was not normally detected in this region), wtMitf-transfected
cells also expressed p27Kip1 protein (Fig. 7C). In the adjacent section, the
expression of Pax6was repressed in thewtMitf-transfected region of the
neural retina (Figs. 7E–H). In addition, ectopic pigmentation was also
observed in the same region (data not shown). By contrast, in thednMitf-
transfectedproximal RPE, fewp27kip1-positive cellswere observed (Figs.
7I–L). In the brain region and in the neural retina, dnMitf did not affect
p27kip1 expression (Fig. 7K).
Mitf promotes the expression of target genes (e.g. Tyrosinase, Tyrp1,
Dct, etc.) directly by binding to the E-box (CANNTG). There are six
copies of the E-box in the 600 bp upstream from the chick p27kip1 gene.
To determine whether Mitf is associated with the p27kip1 5′ ﬂanking
region in vivo, we performed chromatin immunoprecipitation (ChIP)
assays using RPE extracts of E4.5 embryos. In this development period,
Mitf expression is maintained and p27kip1 expression is detected in
almost the whole RPE (data not shown). Two primer pairs (Primer1 and
Primer2) were designed in the p27kip15′ ﬂanking region as shown in Fig.
7O. Sheared chromatin–protein complexes were immunoprecipitated
by no antibody, by normal rabbit serum or by the Mitf antibody. Each
specimen including the input DNA was puriﬁed and ampliﬁed by PCR.
The Primer2 fragmentwas ampliﬁed usingDNA immunoprecipitated by
the Mitf antibody, while the Primer1 fragment was not ampliﬁed (Fig.
7O). Two fragments were ampliﬁed using Primer2 in the “ Input” lane.
We conﬁrmed that the lower one is the correct amplicon having the
identical sequence to the 5′ ﬂanking region of the p27kip1 gene. These
results demonstrate that Mitf is associated with the p27kip1 5′ ﬂanking
region in vivo. Together, this suggests that, unlike its effects in
melanoma, Mitf promotes p27kip1 expression through an association
with its promoter in the developing RPE.
Discussion
Mitf functions during RPE differentiation and eye development
Mitf is a critical transcription factor regulating the development of
all melanin-pigment cell lineages, i.e. those leading to the RPE and to
melanocytes. Since pigment cells do not differentiate inMitf-null mice
showing microphthalmia and a lack of melanocytes, it is difﬁcult to
elucidate the function of Mitf during pigment cell development. In
fact, few target genes of Mitf during RPE development, other than
several pigmentation genes, have been reported so far. In order to
address this issue, we transfected wild-type or dominant-negative
Mitf into chick optic vesicles.
The results of this study strongly suggest that Mitf plays crucial
roles not only in cell differentiation but also in cell proliferation in the
developing RPE. During normal eye development, the Mitf protein has
been reported to be expressed in the dorsal region of the optic cup at
stage 13 and to induce RPE differentiation. Our results demonstratethat Mitf can induce ectopic Dct expression and pigmentation and can
repress Pax6 expression in the neural retina in vivo. These results are
in agreement with previous reports in vitro (Mochii et al., 1998;
Planque et al., 1999). In the transdifferentiation process of the RPE to
the neural retina in chicks and frogs, and in the regeneration process
in newts, down-regulation of Mitf and up-regulation of Pax6 are
observed (Arresta et al., 2005; Kaneko et al., 1999; Spence et al., 2007).
Pax6 has an enhancer element that is speciﬁcally used during neural
retina development (Schwarz et al., 2000). Pax6 itself binds to the
enhancer and up-regulates its own expression. In addition, the
transactivating effects of Pax6 and Mitf on their target genes are
strongly inhibited by direct protein interactions between Pax6 DNA-
binding domains and Mitf bHLH–LZ domains (Planque et al., 2001).
Accordingly, it is thought that protein interactions between Pax6 and
Mitf cause the down-regulation of Pax6 expression when Mitf is over-
expressed. In Drosophila, Mitf has been reported to be well conserved
and the transcriptional activity of transfected Drosophila Mitf into
293T cells was reduced by co-transfected Drosophila Pax6 (Hallsson et
al., 2004). This report suggests that the effect of protein interactions
between Mitf and Pax6 is conserved in Drosophila. Therefore, this
systemmight originate at a very early stage of animal evolution and is
still important for normal eye development of many species including
insects and vertebrates. We also showed in this study that Mitf can
repress Chx10 expression. BMP and Activin can induce the expression
of the RPE-speciﬁc markers Mitf, Otx2 and MMP115, and can repress
the expression of a neural retina marker Chx10 (Fuhrmann et al.,
2000; Muller et al., 2007). In contrast, over-expression of Chx10 in the
optic vesicle or RPE represses Mitf expression (Rowan et al., 2004).
Together with our results, this suggests that there is a reciprocal
inhibition between Mitf and Chx10 during eye development. Necab1
has been reported as one of the target genes of Pax6 during
development of the neural retina (Bernier et al., 2001; Sugita et al.,
2002). Over-expression of Necab1 in the midbrain can induce the
ectopic expression of Chx10. Therefore, the repression of Chx10
expression by Mitf may be mediated by Pax6 repression. In Mitf
mutant mice, it has been reported that Pax6 and Chx10 are highly and
ectopically induced in the region where the RPE becomes thick and
neural retina-like (Nguyen and Arnheiter, 2000). However, we could
not detect a high level Pax6 or Chx10 expression in the dnMitf-
transfected RPE. EndogenousMitf expressionmight reduce the dnMitf
effects. Our results showed no apparent effects on Pax6 or Chx10
expression while dnMitf induced depigmentation and stimulated cell
proliferation. Higher activity of dnMitf might be required for the
induction of Pax6 and/or Chx10 than for induction of depigmentation
and stimulation of cell proliferation.
In some wtMitf-transfected embryos, folding of the neural retina
and desorption of cells was observed, which might be due to the
higher growth of the folding neural retina, In the folding neural retina,
however, the density of nuclei and the percentage of BrdU-positive
cells was decreased. Mitf has been reported to regulate reorganization
of the actin cytoskeleton and invasiveness in melanoma (Carreira et
al., 2006), and melanosome transport and dendricity in frogs
(Kawasaki et al., 2008). The folding and desorption in the wtMitf-
transfected neural retina might be caused by altered cell shape and/or
characteristics of the cell surface.
Mitf regulates cell proliferation in the developing RPE
During normal eye development, the expression of Mitf protein
begins to be detected at stage 13.We demonstrated that the percentage
of BrdU-positive cells in the RPE begins to decrease signiﬁcantly from
stage18 and this decrease continues to at least stage22,while signiﬁcant
changes in the percentage of BrdU-positive cells in the neural retina
were not observed at these stages. In addition, a reduction in eye size
was observed in thewtMitf-transfected eyes. We showed here that Mitf
regulates cell proliferation during RPE development as well. BrdU
Fig. 7. Mitf induces p27kip1 expression during eye development. (A–H) Immunostaining of p27kip1 (magenta), Mitf (green) and Pax6 (magenta) in wtMitf-transfected eyes. (I–N)
Immunostaining of p27kip1 and GFP (green) in dnMitf (I–L)- or GFP (M and N)-over-expressing eyes. Embryos were harvested 48 h after transfection. Panels C and D, G and H, K and L
show magniﬁcations of the framed areas in panels A and B, E and F, I and J, respectively. The area between the white lines in panel K indicates the RPE. (A–D) Most strongly Mitf-
expressing cells also express p27kip1 in the neural retina (C and D) and the distal RPE (C). The arrow in panel A indicates normal expression of p27kip1 in the RPE. The arrowheads in
panels C and D indicate Mitf- and p27kip1-positive cells. Note that endogenous Mitf is expressed in the whole RPE (B) but the intensity is very weak compared with that of extrinsic
Mitf, which is very strong and the intensity was attenuated in order to merge with p27kip1 staining. In adjacent sections of panels A–D, Mitf represses Pax6 expression (E–H). In the
dnMitf-transfected proximal RPE, p27kip1 expression can hardly be detected, while its expression in the neural retina and the brain does not seem to be altered (I–L). GFP expression
does not affect p27kip1 expression either in the RPE or the neural retina (M and N). (O) Potential Mitf-binding sites in the chick p27kip1 5′ ﬂanking region and chromatin
immunoprecipitation assays for the p27kip1 5′ ﬂanking region of E 4.5 chick embryos using an Mitf antibody. White boxes indicate E-boxes (CANNTG), which are potential Mitf-
binding site. Black arrowheads indicate the speciﬁcally-ampliﬁed fragments for each primer pair. White arrowheads indicate non-speciﬁc fragments. rpe, retinal pigment epithelium;
nr, neural retina; le, lens. Scale bars=100 μm.
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suggests thatMitf can negatively regulate cell proliferation of the neural
retina and the RPE. Recent studies have shown that Mitf regulates the
cell cycle by modulating the expression of cyclin-dependent kinase
inhibitors, p16ink4a (Loercher et al., 2005) and p21cip1 (Carreira et al.,
2005) positively and p27kip1 negatively, in melanoma (Carreira et al.,
2006). However, it was unknown whether Mitf is involved in the
regulation of cyclin-dependent kinase inhibitors in the developing RPE.
It has been reported that p27kip1 is expressed in the developing RPE
in rats and that p27kip1-null adult mice show hyperproliferation in the
RPE, increased numbers of multinucleated RPE cells, dysplastic retina
and defective attachment between the neural retina and the RPE (Defoe
et al., 2007; Yoshida et al., 2004). The sum of those studies suggests that
p27kip1 is an important factor for the normal development and functions
of the RPE. We showed that chick p27kip1 expression is ﬁrst detected in
the proximal part of the RPE at stage 16 and that the expression area
spreads to the distal region. That expressionpattern is very similar to the
pattern in rats described in a previous report (Defoe and Levine, 2003).
We also showed that there are only a few BrdU-positive cells in the
p27kip1 expressing proximal RPE at stage 20, comparedwith the p27kip1-
negative distal RPE (Figs. 6G andQ–T). The decrease in the percentage of
BrdU-positive cells in the RPE coincides with the p27kip1 expression
pattern spatio-temporally, suggesting that p27kip1 represses cell
proliferation in the developing RPE.
Unlike the repression of p27kip1 protein level by Mitf in melanoma,
our results and the previous report (Defoe and Levine, 2003) suggest
instead that Mitf does not cause p27kip1 down-regulation in the
developing RPE because the abundant Mitf expression overlaps with
that of p27kip1, where few BrdU-positive RPE cells were detected
(Fig. 6). There have been no reports showing the involvement ofMitf in
the regulation of cyclin-dependent kinase inhibitors in the developing
RPE so far. In this study, we demonstrated that Mitf regulates p27kip1
expression. Over-expression of wtMitf reduced the percentage of
BrdU-positive cells and induced p27kip1 expression in the neural retina
(Figs. 5 and 7). Immunostaining of Pax6 in adjacent sections showed
that Pax6 is not expressed in wtMitf-transfected areas of the neural
retina. The ectopic pigmentation and Pax6 repression shown in the
wtMitf-transfected neural retina suggest that wtMitf-transfected cells
alter the characteristics of the neural retina to become RPE-like
(Fig. 3L). Therefore, it is highly possible that p27kip1 expression in the
wtMitf-transfected areas is not endogenous expression of the neural
retina but is ectopic expression induced by wtMitf transfection.
However, not all wtMitf-transfected cells express p27kip1, although
there are few BrdU-positive cells in the wtMitf-transfected area of the
neural retina (Fig. 5). One hypothesis to explain this is the involvement
of repressed expression of Pax6 and/or Chx10. We showed that the
expression of Pax6 and Chx10 is repressed in the wtMitf-transfected
neural retina. In Pax6-mutant mice, neural retinal cells fail to
differentiate at early developmental stages and the proliferation of
those cells decreases (Philips et al., 2005). In addition, cyclin D1
expression is decreased in Chx10-null mice (Green et al., 2003). The
negative regulation of cell proliferation in the wtMitf-transfected
neural retina may be caused not only by induction of p27kip1
expression but also by repression of Pax6 and Chx10 expression. We
also showed that over-expression of dnMitf represses p27kip1 expres-
sion and promotes cell proliferation in the RPE. Taken together, these
results suggest that Mitf regulates cell proliferation negatively in the
developing RPE via up-regulation of p27kip1 expression and/or down-
regulation of Pax6 and Chx10 expression in direct or indirect manners.
Mitf is associated with the p27kip1 5′ ﬂanking region in the
developing RPE
In this study, we showed that Mitf promotes p27kip1 expression
and decreases the percentage of BrdU-positive cells. However, it is still
unclear how such expression patterns of p27kip1 and Mitf, which donot fully overlap as described above, are spacio-temporally developed
(Fig. 6). The expression pattern of p27kip1 mRNA was very similar to
that of p27kip1 protein. This result suggests that the expression of
p27kip1 gene in the developing RPE is regulated at the transcriptional
level. Therefore, we propose a possible mechanism that can explain
this. Six copies of an E-box (CANNTG), a potential binding site for Mitf
(Aksan and Goding,1998), were found in 600 bp upstream of the chick
p27kip1 gene. We performed chromatin immunoprecipitation (ChIP)
assays to determine whether Mitf is associated with the p27kip1 5′
ﬂanking region in the developing RPE. Those ChIP assays suggest that
Mitf is associated with the p27kip1 promoter, probably binding to at
least one of the E-boxes in the p27kip1 promoter and directly regulates
the gene expression in vivo. If p27kip1 expression is regulated directly
by Mitf, it could be repressed by protein interactions of Pax6 and Mitf.
Indeed, p27kip1 expression is ﬁrst detected in the proximal RPE and
spreads to the distal RPE while, in contrast, Pax6 expression in the RPE
is repressed in the proximal RPE and is restricted in the dorsal (distal)
RPE. The different expression patterns betweenMitf and p27kip1 in the
developing RPE might be achieved by complicated mechanisms
mediating the regulation of Pax6 expression. Dct expression is strong
in the proximal RPE but weak in the distal RPE, similar to the pattern
of p27kip1, supporting the idea that p27kip1 is a direct target of Mitf. In
the normal neural retina, p27kip1 mRNA is detected ubiquitously but
the protein is detected only in the basal side. The post-translational
regulation is also important for the regulation of cell proliferation by
p27kip1. For example, Skp2 is involved in the ubiquitin-mediated
degradation pathway of p27kip1 (Carrano et al., 1999). This result
suggests that the regulatory system of p27kip1 expression in the neural
retina is different from that of the RPE.
In this study, we showed that Mitf plays multiple roles during RPE
development: induction of pigmentation gene expression, involve-
ment in the transcriptional network of eye development, and
regulation of cell proliferation. Recently, it has been reported that
Mitf regulates the reorganization of the actin cytoskeleton in
melanoma (Carreira et al., 2006) and melanosome transport in frogs
(Kawasaki et al., 2008). Thus, Mitf regulates various intracellular
events in pigment cells. However, similar to p27kip1, there may be
different regulatory systems for the same target gene expression in
different cell types. The RPE and melanocytes are generally sorted as
pigment cells but the RPE is different from melanocytes in its lineage,
cell shape and functions, which also suggests that Mitf regulates the
expression of different target genes in the RPE and in melanocytes.
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